To reveal the intrinsic signal to noise ratio (SNR) of somatosensory evoked potentials during spinal surgery, SEP was recorded by 13 scoliosis patients during intraoperative recording. The power of the SEP was estimated with least squares fitting in order to obtain the most realistic SNR of SEP. The SNR of cortical SEP from 13 cases presented individual difference among each other. According to the mean and standard deviation (SD), the coefficients of variation (CV) of cortical and sub-cortical SEP were 4.2% and 23%, respectively. The SNR of SEP were estimated to be -24± 1dB in cortical SEP and -22±5dB in sub-cortical SEP. The lowest SNR of individual case was found to be -30dB in cortical SEP and -53 dB in sub-cortical SEP. The results showed that SNR of SEP varies considerably from person to person and it could be as low as -50dB. The results from this study can be used to understand the nature of SEP signals, which could guide researchers and designers on SEP denoising method selection, extraction and measurement as well as equipment development.
Introduction
Somatosensory evoked potentials (SEP) are cortical or sub-cortical responses to repetitive electrical stimulation of a mixed peripheral nerve (Devlin et al. 2006) . It has been widely used intraoperatively to minimize the possible risks during spinal surgery MacLennan and Lovely 1995; Nuwer 1998) . Unfortunately, when record via electrodes, the signal of interest is embedded in considerable noises, result in a low signal to noise ratio (SNR) Hu et al. 2005) . Ensemble averaging (EA) is the most commonly used method for SEP features detection. It averages the responses to repetitive stimulus in order to obtain SEP estimates with an acceptable SNR. Some other attempts tried to use various denoising techniques to improve SNR of SEP and minimize the demand of EA sweeps Liu et al. 2007; Chan et al. 1995) . However, these previous denoising method considered the "processed" signal as "cleaned" SEP signal, without knowing to what extent the intrinsic SNR of the original signal has actually been improved.
Without the knowledge of the proportion of the SEP in the noised signal, i.e. the SNR, the improvement after the application of these denoising methods could possibly just be the result of signal processing. Hence, the understanding of intrinsic SNR of the original SEP signal is crucial in SEP detection and extraction.
As defined by Raz et al (Raz et al. 1988) , SNR is defined as the ratio of unbiased estimators of signal and noise power, and it was used for constructing approximate confidence intervals for the Evoked Potential (EP). This method, while assuming the noise is stationary, seems not applicable in the case of SEP, as EEG, being the major 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 SNR of SEP 4 source of noise in SEP, is non-stationary. Another report (Hongxuan et al. 2006) calculated the SNR by maximum amplitude ratio between SEP and noise and claimed the SNR of SEP to be about 1:10. However, the maximum amplitude ratio used in this work violates the conventional SNR formulation, which calculates the SNR based on power estimation, and thus, may lead to error. Recent reports Ozcan and Jorge 2006 ) presented a SNR formulation in auditory evoked potential based on deconvolution averaging which could attenuate or amplify phase unlocked noise depending on the frequency characteristics of the arbitrary stimulus sequence.
Although multiple sweeps were performed, the estimation of EP signal power produced may still be far from that of the true signal. Furthermore, most SNR were definited empirically. To the best of the authors' knowledge, there is so far no any study regarding the intrinsic SNR of intraoperative SEP or any feasible estimating method be reported previously. 
where s i (t) and n i (t) are the signal and noise components in the i th SEP waveform, and M is the number of sweeps. This model has widely been accepted in literature.
EA method assumes that s i (t) is deterministic and n i (t) is white noise with zero mean.
Based on this assumption, the power of x(t) after m (m=1,2,3…) times averaging,
where P s and P n are the power of s(t) and n(t) after m-time averaging, and P x (m) is the power of m-time averaged signal with noises. EA consider P x ≈P s after a large number of averaging, e.g. EA900. However, the EA900 signal estimates probably contained substantial residual noise contamination. Therefore, instead of EA900, least square fitting was employed to estimate P s in this study.
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Therefore, we can denote a fitting function as:
where x is the independent variable, a and b are constant. With enough values of x and f(x), a and b can be estimated by the least squares fitting. In comparing equation (4) and (5), if we defined P x (m) as f(x), it is obviously seen: P s =a and 2  =b.
Then SNR can be estimated by 
DATA COLLECTION
The data used in this study were obtained from 13 scoliosis patients who were undergoing surgical correction. They were 4 males and 9 females (ages 12-43 years, Therefore, signals within the window of 30~70ms in cortical SEP and the window of 15~55ms in sub-cortical SEP were used for SNR estimate.
DATA ANALYSIS
The SNR of every response from each patient was computed by the method mentioned above. The mean value and standard deviation (SD) were computed as well. To evaluate the variation, the coefficient of variation (CV), defined as the ratio of standard deviation to mean, was employed to measure the dispersion of a probability distribution . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 SNR of SEP 8
Results
The SNR level of SEP was found to be very small from the results of this study. Fig. 1 shows an example of the entire single-sweep as well as 900 times averaged SEPs from one of the subjects. As showed in Fig. 1-(a) and 1-(b) , SEP cannot be observed in single-sweep signal of both channels. After averaging, an obvious SEP was observed (Fig.1-(c) and (d) ). Fig. 2 shows the relationship between the computed and estimated power of cortical SEPs and the increase of averaging number (that of sub-cortical SEPs was similar to this). The computed power was the signal power obtained by the traditional EA method ranging from 2 sweeps till 900 sweeps, while the estimated signal power was based on the least square fitting function. The correlation coefficient between the two curves was 0.98 and the estimated power showed a significant correlation with the computed one (p<0.01).
The estimated SNR of single-sweep SEP is presented in Table 1 . The mean SNR values of cortical SEP and sub-cortical SEP from the 13 patients are -24±1dB and -22 ±5dB respectively. The variations of SNR in terms of the coefficient of variation (CV) are 4.2%(cortical) and 23%(sub-cortical). The intrinsic SNR estimated present a large inter-subject variability ranging from -53 dB to -5dB. The poorest SNR situation in cortical SEP was found to be as low as -30 dB, whereas the poorest SNR situation in sub-cortical SEP was -53 dB. From the comparison of the two channels, statistical significant differences could not be observed in single-sweep SEP signal (p>0.05).
Discussion
The present study was designed to figure out the SNR of single-sweep intraoperative SEP recorded in operation room. The true SEP signals can be obtained theoretically by EA when the number for averaging approaches infinity. This is not feasible in practice but the infinite-sweep-averaged SEP can be estimated with finite sweeps which was specified as 900 in this study once the fitting function was established. An estimated signal power of SEP, which is close to the true SEP, could be acquired by least square fitting function with 900 sweeps.
The results of this study indicate that the mean SNR of a single SEP signal were -24dB for cortical and -22dB for sub-cortical recording. This means the noise power was about 300 times greater than the SEP power, i.e. 17 times greater in amplitude.
These results were in consistence with previous findings reporting a poor SNR in SEP (Lam et al. 2004; Iyer and Zouridakis 2007; Qiu et al. 1994; Xuan and Thakor 1996; Hu et al. 2005) . Without the knowledge of the SNR of intraoperative SEP, a number of simulation studies based on experiences about multi-channel SEP extraction have been carried out using methods such as multi-adaptive filter at -10, -15 and -20dB and second order blind identification at -10 and -20dB Lam et al. 2005; Liu et al. 2007; Chan et al. 1995) . However, the applicability of these technique is doubt when the SNR are much lower than -20dB (Table 1) , This requires a further development on SEP extraction studies. Thus, our finding may provide insight in SEP processing method selection, even in methods combination at different SNR level. Table 1 SNR estimation of single-sweep SEP 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
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